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Wc. have obtained 10.4-12 pm spectra at spectral rcsoluticm R = 190 of the 1 lcrbig Ac star

I {Iias 1 in the ‘J’aurus dark cloud with the UKIR’J’ CGS3 spcctromctcr,  along with an 8-13

pm spectrum at R = 55. g’hc 11.2 pm emission feature matches the wavelength, shape, and

FWl IM of the 11.22 pm aromatic hydrocarbon l)ancl, consistent with the prcscncc of other

aromatic features. A strong 11.06 pm feature is present and ncw cmissioI~ features at 11.6

and 11.76 pm arc revealed. The strong silicate emission feature is broader and peaks at a

longer wavelength than can bc rcproclucccl with the ‘1’rapcwium cmissivity. I ,argcr graitls,

with mean radius a --- 1 .S pm appear to bc required, a possible inclination of grain growth

arouncl a young star.



‘1’hc ]~rc-]llaill-scqllcl~cc  objccl 1 Hiss 1 is a 1 lc.rbig Ac star in the Taurus dark cloud with

an unusual infrared spcelrum. l~oth strong silicate emission and the family of aromatic

hydrocarbon bands arc present, as WC]] as the anomalous 3.43 and 3.53 pm fcatarcs (Whittct

C[ al. 1983; ‘J’okunaga et al. 1991; Schuttc cl al. 1990). ‘1’hc silicate fcalurc is unlike Ihat SCC.N

in other young stellar objects in the 3’aurus region (Cohen and Wittehorn 198S; Whittct cl

al. 19&S) or in the p Oph cloud (1 lanncr,  Brookc, ancl ‘1’okunaga 1994; hcrcaftcr  Paper 1).

Schuttc et al. have suggcstccl that the emission peak at 11.2 ~m COUIC1  bc due. to crystalline

o]ivinc,  similar to thal. seen in comet I lallcy. If true, this result would bc significant in

linking the silicate grains in comets, which rcpre.sent the proto-so]ar ncbu]a, with those in

proto-stcl]ar dust clouds.

in order to study the silicate and organic dust around Elias 1, wc obtained a ncw low

resolution 10 pm spectrum and a higher resolution spectrum near 11 pm. ‘J’hcsc data show

that the 11.2 pm feature is primarily the normal 11.22 pm aromatic hydrocarbon feature,

with a strong 11.06 pm feature. ‘] ’he ncw spectra allow us to remove the estimated

contribution from the aromatic hydrocarbons and define better the cmissivity of the silicate

grains arouncl lilias 1, The unusually broad silicate feature may reflect grain growth around

this young star.
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2. OIXI H<VA”I’IONS

‘J’he spectra of Elias 1 were acquired with the CGS3 10-20 pm grating spcctromctcr at

the United Kingdom lnfrarecl ‘1’clcscopc ((JKIR”l’) on 1993 Nov 4 and 6 (I-H’). ‘J’hc

low-resolution 10 pm f,rafing with R-55 and Ihc high resolution grating with R-190 were

employed with a 3.4” aperture and 20” EW chopping throw. Iloth nights were cxccptiona]ly

clry ancl stable. Wavelength calibration was clone via a krypton lamp observed through a K

filter at fourth, fifth, and sixth orders. ‘] ’he calibration was chcckccl by measuring the

emission lines in the planetary nebula NGC 702’7. We estimate the wavelength uncertainty

to bc to.02 p.m.

The low-resolution spectrum was taken on Nov 4, using two grating positions spaced

approximately one-half resolution clcmcnt apart (Fig. 1), 3’hc standard star was ~ ‘J’au.

Alpha ‘J’au was calibrated versus Sirius, which was assumed to have a color tcmpcraturc  of

10,000  K and a flux 4.33 x 10-] 2W/m2/pm at 10.1 pm. 1 ligh-resolution spectra covering, A

10.4 to 12.0 pm were obtained on Nov 4 and Nov 6, using three grating positions to give 3

points pcr resolution c.lcmcnt (Fig+ 2). ‘J’hc standard star was a ‘1’au; wc assumed that its

spectrum was smooth al this resolution.



3. TII13 AROMNI’JC 1 IYDROCARIJON I;MISSION IIANDS

IJcaturcs at 8.6 pm, 11.2 pm, and a rise at 1 < 8 pm arc visible in the low resolution

spectrum (lJig. 1), corresponding to the wcl]-known  series of emission bands at 7.7, 8.65, and

11.22 pm. 7’hcsc arc generally attributed to vibrations in polycyc]ic aromatic hydrocarbons

(l)Al 1s), existing either as free molecu]cs, PA11 c]ustcrs,  or within larger hydrogenated

amorphous carbon particles (Duley & Williams 1981; l.egcr & Pugct 1984; Allamandola,

‘J’iclens & ljarker  1985) or to aromatic hydrocarbon components in an amorphous material

(Sakata cz al. 1987). The 11.2 pm feature. is resolved and ncw spectral structure is revealed

in the higher resoh tion spcct ra present cd in lrig. 2,

“1’o analyz,e the shape of the 11.2 VII1 peak, we subtracted a linear continuum fit at 10.95

pm and 11.50 pm and averaged the Nov 4 and Nov 6 spectra (l?ig. 3). “1’hc main feature

matches the peak position (1 1.22 pm), asymmetric shape, and I;WI IM (0.22 ~m) of the

aromatic hydrocarbon band in other sources (Wittcborn cl al. 1989). The integrated flux

2 The narrow pc,ak at 11.31 ~m is possib]y the 9-7 transition inis 17.5 f 0.4 x 10-15W/nl .

atomic hydrogen ( 211.309 ~m in vacuum; Moore 1949). If so, the a{ljaccnt points are the

half-power points and also lic above the emission band profile. (For comparison, the 8.6

ILm feature in l~ig. 1 has ccntra] wavelength 8.65 pm, I;WJ IM 0.21 pm, and integrated flux

16.7 A 0.6 X 1 0-15 W/n]2.)



SchuItc et al. (1990) suggested that the spectral peak near 11.2 pm in Elias 1 could be

due to crystalline o]ivinc, similar to that in Comet 1 lallcy. While some contribution from

silicate emission cannot be ruled out, we conclude that crystalline olivinc is not the major

source of the 11.22 pm feature in lilias 1.

‘1’hc secondary maximum at 11.06 pm has an integrated flux of 4 tO.2 x 10 ‘15 W/n12.

‘1’his is sfronger relative to the 11.22 pm feature than any of the sources obscrvccl by

Wittcborn C1 al. (1989) or Rochc, Aitkcn, and %lith (1991), with the exception of the

]>lc-I~lail~-scq~lcl~cc object TY G-A. A strong 11.06 ~n~ feature cloes not correlate with the

anomalous 3.43 and 3.53 pm emission bancls, since these bands arc absent in ‘J’Y GA (“J’.

Gcballe, private coll~l~)~l~~icatio:~). 1 ID 97048, which also exhibits the 3.43 ancl 3.53 pm

bands has only a weak 11.06 pm feature.

We have identified two new features in Miss 1 at J 11.6 ~n~ and 11.76 pm (Fig. 2).

‘1’l~csc new features satisfy the criteria that they arc several data points wide and arc present

in both the Nov. 4 and Nov. 6 spectra. “J’heir intcgratccl fluxes arc about 10% that of the

1 J .22 ~nl feature. Possible spectral structure is present in the 10.4 -10.8 pm region, but

higher signal/noise data arc required to confilm this. in ratios of our high-resolution

spectra of ~ ‘] ’au se.paratccl by 0.32 in air mass, only one possible atmospheric fcaf urc

g] cater than 1 percent is evident, near 11.73 ~ln. ‘J-he diffcrc.ncc in air mass between J Uias

1 and a I’au was 0.15 on Nov 4 and only 0.01 on Nov 6. ‘1’bus, wc believe that none of the

features in Fig. 2 arc atmospheric in origin.
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The 11.22 pm and 11.06 pm features are be]ievcd to be CIUC to cmt-of-plane bending

motle vibrations within aromatic rings containing only nonadjacmt  peripheral hydrogc.n

atolns (Allamandola et al. 19S9; 1,cgcr c1 al. 1989). ‘1’hc frequency of the C-II bcncling

mode depends on the number of adjacent hydrogen atoms in the. peripheral rings of I’A] 1

molcculcs; the frequency dccrcases as the number of peripheral 11 atoms incrcascs. In this

intcxpwtation, the bancl at 11.6 ~nl could arise from onc or two peripheral I 1 atoms, while

Ihc 11.’76 pm bancl suggests two periphera] }1 atoms.

4. ‘J’J IE SII.ICArJ’Ji I’.M1SSION l~J iArJ’LJRl!

4.1 Removing the aromatic hydrocarbon jicalurcs

in order to define the silicate cmissivity from the low rcso]ut ion spectrum, it is

ncccssary 10 rem ovc th c contrit)ut ion of the aromatic h ydrocarbon emission feat u res. Irlmses

in Ihc 11.2 and 11.06 pm features were cstimatccl from the high resolution data of 4 Nov

assuming a linear baseline bctwccn 10.9S and 11.50 wm. ‘J’hc points were then convolved

to the. spectral resolution of the low resolution data and subtracted. ‘1’hc cent ribut ion of

the. aromatic 7.7 pm feature is more clifficull to estimate. OJlly part of the. feature is

ac.ccssib]c from th c grou ncl. A spectrum of Elias 1 from 5-8 pm taken from the Kuipcr

Airborne Observatory (Schuttc C( al. 1990) is shown with our spectrum in I Jig. 4. “1’hc KAO

s])~.ctrlln~ was nlll]ti])]icd by a factor ].15 to nlatch the ~~Js~ s])~dl”ll]~l  in ~h~  ]“~~io]~ of
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overlap (7.8-8.2 pm), but only the CCJS3 poinls arc plotted iJ] this ral~gc because of tlIc

much 10WCJ signal-to-noise of the KAO clata.

We estimated the contribution of the 7.7 pm fcalurc by assuming that the feature had

approximately the same shape as the 7.7 Wm feature in the Orion bar, position 4 (I~ig. lb,

IIrcgman et al. 1989). ‘l%c Orion bar spectrum is useful for estimating the contribution of

aroxnatics since the aromatic features dominate the, total flux. A precise spectral match was

impossible since the Elias 1 spectrum rises much more sharply at 2 < 8 pm than the Orion

bar. lnstcad, wc fixed the relative fluxes at three points away from the peak (7.0,8.9, and

9.S pm) and the total integrated flux in the feature (normalized by the 7.() [Lm flux) at

values taken from the. Orion bar spectrum, then clctcrmined the simplest continuum

consistent with those va]u es. The 8.6 pm region was not included. ‘1’hc result, a scconcl

order polynomial, is shown in Fig. 4. Replacing the points shortward of 9.5 pm by this

continuum gives the spectrum shown by the dashed curve in Fig. 4. Note that - 30% of

the total flux at 8.0 pm is due to the 7.7 ~n] feature.

Using a cubic sp]inc fit to points where the 7.7 pm feature flux is assumed to be

ne.gligib]c (e.g. Cohen et al. 1986) clid not change the resulting c.onti]~uum in the 8 pm

region by more than 596. We prefer the. continuum clcrivcd above bccausc it allows for the

prcscncc of “plateau” emission from carbonaceous grains at 7.0 pm (I]rcgman e~ nl. 1989).



4.2 Modeling lhe silicate fealure

‘J’he silicates along the lines of sight 10 many young stars in molcwular clouds appear 10

have cmissivities similar to that of the q’rapczium region (Cohen ancl Wittcborn 1985;

Whittc.t et al. 1988; Paper 1). It is clear that the silicate emission feature in 1 ilias 1 is not

duc solely to optically thin emission from grains with the “1’rapczium cmissivjty because the

contrast is lower and the feature is broader than the ‘1’rapczium cmissivity (see l~ig. 1 in

Paper 1). ‘1’here could be four explanations for this: 1) optical clcpth inmcasc; 2) dilution

of optically thin emission by fcaturclcss emission; 3) grain size incrcasc; or 4) compositional

diffcrcncz in the silicates.

Wc tested whether (1) or (2) might explain the feature in Elias 1 using the ‘1’rapczium

cmissivity as a template in two simple modc]s, clescribe,d in Paper 1. Source. functions in

each case were assumed to bc power laws. The parameters (optical depths, power laws,

scale factors) were adjusted until the best ]cast-squares fit to the clata was obtained.



Case 1 - Variable optical depth

a~l = Uo(g+.)”’ (1 - ~ ‘“w, (1)

With cl(a) normalized at 9.7 pm, the parameter al is the total silicate optical cle.pth at 9.7

pm, ~gm~. ~’his slab model approximates a clusty e.nvclopc which both emits and absorbs at

10 pm.

Case 2 - Two compo~icnt:  Optically thick +- optically thin emission

AFL “ %(+)” + a2(-g~i)m E,(A).
(2)

‘J’his model might apply, for example, to an opfically thin envelope and an optically thick

disk (or the star itself), both of which both contribute to the flux at 10 pm. “J’hc optically

thick component could alternatively rcprc.sent emission fl-om featureless dust.

Fig. 5a shows the best fit under case 1, with 79.7 == 1.8S. ‘l-he fit is poor; the 1 ilias 1

spectrum clearly peaks at a longer wavelength, Case 2 providccl  a marginally better fit, but

required steep power laws which do not match the published photometry of 1 Hiss 1.



An increase in the grain size causes a broadening of the silicate cmissivity towarcl longer

wavc]cngths (Simpson 1991; 1 lanncr  c1 al, 1994a). ‘1’0 test whether larger grains might

provide a better fit to the E3ias 1 spcctrm, wc calclllatcd absorption cfficicncics, Qabs, for

spheres of cliffcrcnt radii using the optical constants of astronomical silicate (Ilrainc ancl

1 .CC 1984). ‘1’hc best fit to the Elias 1 spectrum for case J was for a grain radius of 1.5 pm

(1’ig. 5b) with ~~.~ = 0.33. A radius of 2.0 ~n) gave a significantly worse fit.

‘1’hc model with a= 1.5 pm is significantly better than Ihc fit with the ‘1’rapc~.iunl

cmissivity, suggesting that the mean size of the. circumstcllar grains near 1 {Iias 1 may bc

considerably larger than interstellar grains. nut the Elias 1 spectrum peaks at a longer

wavelength (-10.6 pm), so there may bc a compositional diffcrcncc bctwccn the silicalcs

arouncl F3ias 1 and the Trapezium region also. If such compositional cliffcrcnccs broaden

the silicate cmissivity compared to the Trapezium, then larger grain sizfc woulcl not

n cccssarily bc rcqu ircd. Grain growth is cxpcctcd in protop]ane.tary clisks. ‘1’hc silicate

emission feature in /? Pic was fit by Aitkcn et al. (1994) using astronomical silicate optical

constants and grain sizes similar to those found here.

“J’hc silicate feature in 1 ilias 1 differs from that seen in comet 1 lallcy and some other

colncts (1 lanncr  ct al 1994a). “1’hc comet feature has a broacl maximum near 9.8 pm (vs.

-10.6 pm in lilias 1), an obvious dip at 10.7 pm, ancl a rise from 10.7 to the peak at 11.2

ILnl. “J’bus, wc conclude that the mineralogy of the. silicates in l;lias 1 is not the. same as

cometary dust.



5. CONCH .USIC)NS

‘1’hc 10.4 - 12 pm spectrum of Elias 1 in Ihc ‘1’aurus dark cloud at spectral resolution

R= 190 reveals considerable spectral detail. I’hc. profile of the emission feature at 11.22 pm

matches the peak wavelength, asymmetric shape., and FWI IM of the well-known aromatic

hydrocarbon band. A prominent 11.06 Wm feature is present. ‘1’wo new features are

detected at 111.6 and 11.76 pm, with intcgratccl fluxes - 10% that of the 11,22 pm fe.atule.

A low resolution 8-13 pm spectrum was used to estimate the silicate cmissivity after

removal of the cent ribu t ion from the aromatic h yclrocarbons. “1’hc silicate feature is not

well-matched by simple models incorporating the Trapezium emissivity,  believed to be

typical of molecular cloud dust. But the fcatu rc is approximately rcprocluccd by optically

thin emission from the. “astronomical silicates” defined by Draine & Ixc (1984) for grains

~,ith a Jllcall radi[ls - 1.5 pm. This may indicate that significant grain growth has begun

in lhc circumstel]ar environment of this you J)g stellar object. Altcrnative]y, significant

con~positiona] differc~~ces may exist between 1 Hiss 1 and the Trapezium. The silicate

feature does not rcscmb]e that of Comet ]]a]lcy or other comets; thus, the si]icatc

m incra]ogy differs from cometaly dust,
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l~igm 1.

l~igul”c 2.

lrigure 3.

Figure 4.

l;igure 5a.

IJigure 5b.

Eliasl C1GS3s1~cctr(ll~~ a~s]~cctrallesoltltiol ~I{ ==55, Nov.4,  1993.

IHiasl  CGS3slJcctra atrcsol~ltio~~ll= 190. Nov. 4 s]~cctrtll~~c  lisIJlacccll]y

-1 x 10-’3ancl Nov. 6spcctr11111 disp]accclby +-1 x 10-’3 W/n12/pm.

‘1’he, 11,22 pm and 11.06 ~n~ fc.aturc.sin I;lias 1. A linear continuum fit at

A10.9S and 11.50 pm has been subtractcc]  from the obscrvccl fluxes in I Pig. 2

ancl the spectra from Nov. 4 and Nov. 6 have been averaged.

S-13 pm spectrum of E]ias 1. Filled circles: CGS3 data from l~ig. 1; open

Ci Iclcs: KAO data from Schutte C[ al. (1990), multiplied by facto~ 1, 1S;

Dashed line is the flux after removal of fhe aromatic hydrocarbon

contribution (see text).

I\c.st fit ‘1’rapczium cmissivity moclcl (solicl line) compared to Elias 1 silicate

emission (points) for case 1, T907 == 1.85, m == 1.61.

l)cst fit with “astronoluical silicate” grains of raciius a == 1.5 pm (solicl line)

ancl a == 2.0 ~n) (clashccl lil]c) for case. 1, Tg ~ == 0.34, m =- 1.13.
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